Abstract Fat embolism syndrome (FES) is thought to occur most commonly in patients who suffer severe trauma and orthopedic injuries and may be associated with potentially life-threatening pulmonary complications. However, despite its original description hundreds of years ago, it remains a difficult diagnosis to establish and the process by which a fat embolism leads to the clinical syndrome of FES is poorly understood. Some wonder, therefore, if it is a unique syndrome or just part of the spectrum of systemic inflammatory response syndrome (SIRS) common to other critically ill patients. In this review, we will summarize the clinical and experimental evidence that supports FES as a unique clinical condition.
Introduction
Fat emboli (FE) are found most commonly in the setting of severe trauma and orthopedic injuries, with the highest incidence in long bone and pelvic fractures [1••] . Historical accounts of the first known experimental study about the effects of intravascular FE took place in the seventeenth century, followed by the clinical identification of a fat embolism in a human patient 200 years later [2] . More recently, the number of pathologic processes and clinical scenarios believed to be associated with FE have grown substantially. Despite advances in diagnostic techniques and increased understanding of the pathologic processes that lead to fat embolization, the clinical correlate, known as fat embolism syndrome (FES), remains poorly understood.
It is important to recognize the distinction between fat embolism and FES. A fat embolism is the presence of fat within vascular structures. Intravascular fat includes both large fat globules and fat breakdown products such as bioactive free fatty acids. The fat embolism syndrome (FES) constitutes a potentially devastating constellation of clinical signs and symptoms, which are classically characterized as the triad of respiratory insufficiency, neurologic dysfunction, and petechial rash.
Identifying a clear cause-and-effect relationship between fat embolism and the development of the clinical syndrome has been difficult and remains controversial. The diagnosis of FES is imprecise and relies on mostly non-specific clinical findings. The pathway leading from fat embolization to the development of FES is poorly understood and has lead to the question of whether FES is linked directly to circulating fat or represents other sequelae of the original insult.
History
The first reports of experimental models of fat embolism were documented over 200 years ago [2] . In the latter portion of the nineteenth century, the first known description of fat embolism in humans was reported. In 1862, Zenker identified fat within pulmonary capillaries during post-mortem evaluation of a patient who had sustained a severe crush injury [3] .
This article is part of the Topical Collection on Fracture Considerations for the General Surgeon It was not until the 1920s, however, that the first attempts were made to describe the pathophysiology of fat embolism. In 1924, Gauss focused on the mechanism of injury and mechanical disruption of adipose tissue and vascular structures as the cause of intravascular fat. In 1927, Lehman proposed biochemical mechanisms resulting in fat mobilization from body stores and in intravascular fat globule formation, without the requirement of traumatic injury or disruption of tissue or vascular integrity. Both theories, to some extent, will later become the basis for current hypothesized mechanisms leading to fat embolization and FES [2] .
Over the latter half of the twentieth century and the beginning of the twenty-first century, increased recognition of FE in the trauma population emerged from armed conflicts including World War II (WWII), the Korean War [4] , and the conflict in Vietnam [5, 6] . While the majority of the data produced from theaters of war were merely descriptive of the incidence of FE based upon post-mortem examination, information from Vietnam included reports of arterial hypoxemia that was believed to be most evident in soldiers with femur fractures [6] .
Epidemiology
The incidence of FE varies depending upon the patient population being considered. The most commonly recognized group with FE includes victims of trauma and orthopedic injuries. In 1956, Scully reported an incidence of 93 % during post-mortem evaluation of victims of traumatic injuries from the Korean War [4] . More recently, Mudd et al. reported an incidence of 68 % in patients suffering blunt force trauma [7] .
The incidence of FES, while also reported with a wide variability, is substantially lower than the incidence of fat embolism without clinical sequelae. Nineteen percent of major trauma patients admitted to a hospital in Belfast in the 1970s were diagnosed with FES The criteria for establishing the diagnosis of FES differ leading to variability in reporting of its incidence. Additionally, the majority of currently available epidemiologic data are based upon retrospective reviews. Differences in injury severity between study populations also explain the wide variability in reported incidence rates. Mortality rates associated with FES have previously been reported as ranging from 10 to 20 % [10] . More recent data find the mortality to be closer to 7-10 % with the more severe injuries resulting in worse outcomes [1••, 11] .
In addition to trauma, FES may develop in other clinical contexts such as sickle-cell disease [12] [13] [14] and pancreatitis [15] . A number of cases of FES have also been reported following surgical procedures including liposuction [16, 17] and vertebroplasty [18] . Over the last 10 years, cases of respiratory failure due to donor-acquired FES following lung transplant have now been identified as well [19, 20] .
Pathophysiology
While the exact mechanisms responsible for FES have yet to be clearly elucidated, two dominant pathophysiologic theories have emerged: (1) mechanical obstruction and (2) biochemical injury.
Mechanical Obstruction Theory
The mechanical obstruction theory of FES has existed in one form or another for nearly 100 years. This theory is based on the premise that intravascular fat globules associated with platelet activation and fibrin deposition result in pulmonary vascular obstruction similar to other embolic events [21] . This is believed to result in immediate cardiopulmonary decompensation as manifested by hypoxemia within the initial 24 h of injury. Evidence of acute pulmonary hypertension has been described experimentally [22] and, rarely, clinically [23] . Kao et al. published cardiopulmonary physiology data including levels of vaso-active and inflammatory mediators in eight subjects involved in Bcrash accidents^who were all found to have pulmonary fat embolism on post-mortem exam [23] . The mean pulmonary artery pressure as measured in the setting of acute pulmonary decompensation ranged from 34 to 48 mmHg. Cor pulmonale and acute right heart failure have also been implicated as a possible contributor to mortality due to mechanical obstruction and shock, though specific evidence focusing on right ventricular failure has not been well established.
Proponents of this theory further maintain that intravascular fat globules promote localized endothelial damage resulting in edema and/or hemorrhage. Kim et al. reported the effects of triolein infusion in carotid arteries of cats, either with or without an emulsifying agent [24] . Eightytwo percent of research animals developed evidence of cerebral infarct and hemorrhage when triolein was administered without an emulsifying agent as compared to 9.1 % of animals that received emulsified triolein. The authors postulated that triolein administered without the addition of an emulsifier would either result in macrovascular obstruction by large triolein globules or microscopic capillary obstruction by smaller triolein globules resulting in hemorrhage. There is also experimental evidence that triolein administration results in a pro-inflammatory state [25] .
Biochemical Injury Theory
The biochemical injury model has more recently been supported with advances in the understanding of the contribution of vasoactive, thrombotic, and inflammatory mediators to cardiopulmonary and vascular function. Neutral fat is believed to be broken down into free fatty acids resulting in endothelial injury or dysfunction leading to increased vascular permeability and hemorrhage [21] .
Experimentally, the infusion of free fatty acids has become widely used in the creation of animal models of fat embolism and FES. A number of reports have been published identifying elevations in multiple inflammatory markers, especially IL-6, as a possible marker for assisting in the diagnosis of FES [23, 26] .
Diagnosis
The diagnosis of FES depends on the clinical presentation. It typically occurs within 12-72 h of the primary insult and is associated with signs and symptoms of multiple organ systems including respiratory compromise, acute changes in neurologic status, hematologic abnormalities (anemia and thrombocytopenia), tachycardia, fever, and, sometimes, a petechial rash [1••] . In 1970, Gurd proposed the use of major and minor criteria in making a clinical diagnosis of FES in the presence of fat macroglobulinemia (Table 1) Lindeque et al. suggested far more lenient criteria based on pulmonary signs and symptoms. [9•] According to the investigators, a diagnosis of FES should be made if the patient has a PO 2 of less than 60 mmHg; PCO 2 greater than 55 or a pH less than 7.3; a sustained respiratory rate >35 breaths per minute despite adequate sedation; or increased work of breathing as identified by dyspnea, use of accessory respiratory muscles, and tachycardia in combination with anxiety. All three proposed sets of criteria vary with regard to their sensitivity and specificity. There has not been a documented effort to compare the performance of one set of diagnostic criteria over another.
A variety of diagnostic techniques have been used in an attempt to support the clinical findings with additional objective data to improve the accuracy of making a diagnosis of FES. Chest radiology was not found to be either sensitive or specific for FES as a wide variety of findings including ground glass, septal thickening, nodularity, and consolidation as presented in one retrospective review [28] . These authors reported that the use of contrast enhancement rarely yielded evidence of filling defects supportive of vascular obstruction.
Neuroradiology has had more success in establishing the diagnosis of FES. While CT is less helpful, magnetic resonance imaging (MRI), particularly diffusion-weighted protocols, can identify the Bstarfield^pattern that is representative of scattered cytotoxic edema [29] [30] [31] . The use of diffusionweighted images has also been proposed to provide prognostic information as well. Decaminada et al. reported that a patient with increased evidence of cytotoxic edema and diffusion restriction had a worse outcome when compared to a patient without diffusion restriction, though this is based on case reports only [32] . The starfield pattern likely represents an early finding in the development of cerebral FES with additional non-specific abnormalities including confluent areas of cytotoxic edema and white matter petechial hemorrhages reported as well [33•] .
Ultrasound has been used as a method of identifying fat embolization. Trans-esophageal echocardiogram (TEE) has been used intraoperatively in order to monitor for FE as represented by intracardiac echogenic material that is observed during orthopedic procedures [34] [35] [36] . There is limited data correlating TEE with the risk of developing FES. The results of a small prospective study involving 24 patients proposed that larger emboli as identified on TEE (>10 mm) correlated with an increased incidence of FES and death [34] . That same study also observed that earlier surgical intervention may have yielded smaller emboli. Despite the lack of evidence for routine use in monitoring or diagnosing fat emboli, TEE has gained popularity in research as a method of identifying surgical procedures for orthopedic repair that result in less embolization [35] . In addition to TEE, transcranial Doppler (TCD) has been used as a non-invasive method to identify fat emboli. Investigations using contrast-enhanced TCD have reported findings comparable in sensitivity and specificity to TEE in the diagnosis of right-to-left intracardiac shunt (RLS), such as in the case of a patent foramen ovale (PFO) [37] . TCD has now been used to identify emboli traveling to the CNS [38] . Similar to the identification of embolization on TEE, the use of TCD to risk stratify patients for the development of FES is limited; however, none of the patients with a negative exam for RLS developed neurologic abnormalities in one recent prospective study. Conversely, images obtained from patients with RLS yielded evidence of embolization with the subsequent increased rate of neurologic abnormalities within this patient population.
Biomarkers have been introduced as a possible means of predicting the development of FES. Research aimed at evaluating various vasoactive and inflammatory mediators in the setting of FES has found significant increases in phospholipase A 2 (PLA 2 ), nitric oxide (NO), methylguanine (MG), TNF-A, IL-10, IL-1B, and IL-6 [23] . While none of these mediators are specific to FES, IL-6 has been proposed for use in identifying early FES [26] . No specific biomarker has, as of yet, been validated as predicting the risk of developing FES or in clearly assisting with the diagnosis of FES.
Information gained from broncho-alveolar lavage (BAL) may contribute to the diagnosis of FES. Roger et al. reported BAL data obtained from 32 trauma patients who met variable levels of criteria for FES [39] . Oil Red O stain was used to identify fat within pulmonary macrophages. The seven patients who met the full criteria for FES had significantly more fat-laden macrophages as compared to other trauma patients who did not meet clinical criteria for FES, non-trauma patients with pulmonary infiltrates, and normal controls without a history of trauma and without known pulmonary pathology. Similarly, elevated numbers of fat-laden macrophages have also been identified in sickle-cell patients with acute chest syndrome as compared to sickle-cell patients without acute chest syndrome as well as normal controls [40] . The use of BAL has also been reported to identify significantly higher levels of intraalveolar cholesterol in patients with FES in comparison to other patients with acute lung injury and normal controls [41] . In the orthopedic surgery population, the use of BAL in diagnosing FES is less clear as there was no significant difference in the percentage of lipid-laden macrophages in patients with recent intramedullary reaming without clinical criteria for FES as compared to those who met criteria for the diagnosis of FES [42] .
A number of additional methods of identifying fat embolization have been proposed as possible tools for assisting with the diagnosis of FES. The finding of fat globules in blood sampled via pulmonary artery catheter from the pulmonary circulation has been documented in several investigations [43] [44] [45] . However, similar to the identification of embolic events based upon ultrasound, the correlation between blood sample findings and clinical manifestations of FES is not well supported. The identification of lipuria (which has been labeled as a common finding in FES) is even less well supported as a method of detecting FE or correlating with FES.
Treatment
Supportive care remains the treatment of FES. As hypoxemia is the most common finding in FES, early recognition and initiation of cardiopulmonary support not specific to the underlying pathology are most important [1••, 46] . There remains a lack of evidence for additional interventions or medications that promote FES resolution.
Early fixation of bone fractures and the timing of surgical repair after the initial injury as well as specific surgical repair techniques may reduce the risk of FES. The incidence of pulmonary complications are increased with delayed fixation [47, 48, 49 •]. Bone et al. reported an increase in FES associated with delayed fixation of femur fractures beyond 24 h in patients with multiple fractures [49•] . The diagnosis of FES was based upon changes in mental status, arterial hypoxemia, and interstitial infiltrates on chest radiographs. As with many other reports, arterial hypoxemia was the most common pulmonary complication across all cohorts.
More recently, a retrospective review of 750 patients with femur fractures identified significantly fewer pulmonary complications (including pneumonia, PE, or acute respiratory distress syndrome (ARDS)) in patients with definitive surgical correction within 24 h of the initial injury [50•] . The authors stratified their data to account for overall injury severity, abdominal injuries, and chest injuries. While the presence of chest injuries increased the risk of pulmonary complications overall when compared to patients without chest injuries, there was a clear benefit of definitive femur fracture stabilization within 24 h. The majority of the pulmonary complications reported were in the form of pneumonia, while only a small portion was made up of patients with ARDS.
In addition to the timing of surgical correction, the type of orthopedic procedure, particularly in long bone fractures, may affect the incidence of FE and FES. High intramedullary pressure during surgical repair of femoral fractures involving intramedullary reaming is theorized to result in intravasation of marrow material precipitating embolic events and increasing the risk of FES. Continuous intramedullary irrigation and aspiration may improve intraprocedural pressure parameters and are believed to limit marrow intravasation into systemic circulation in animal studies [51] . Intraprocedural echocardiogram images in a human study evaluating the extent to which the right atrium filled with echogenic material suggested that reamer-irrigator-aspirator (RIA) use led to less embolization [52] . Hartsock et al. randomized 19 patients to RIA vs. standard reaming. The authors reported levels of various cytokines (serum IL-2, IL-6, IL-8, IL-10, and TNF; BAL IL-1B and IL-8) [54] . There was a statistically significant increase in post-procedural IL-10 and a similar trend in IL-6 in the standard reaming group. However, the use of RIA appears to have had little effect on clinical outcomes. Retrospective review of 156 patients between 2005 and 2006 who underwent conventional reaming vs RIA did not identify significant differences in length of hospital stay, length of ICU stay, or duration of mechanical ventilation [53] .
Corticosteroids have been proposed as an intervention to limit the progression of inflammation believed to result in organ dysfunction in FES. Over the last 50 years, several small studies have reported evidence that prophylactic corticosteroids limit the degree of hypoxemia in orthopedic injury patients [27•, 54, 55] . In 2009, Bederman et al. published a metaanalysis evaluating the use of corticosteroids [56•] . The included studies identified a decrease in incidence of FES and hypoxemia but not in mortality in patients with long bone fractures. The authors recognized the difficulty in conveying clear recommendations based upon the meta-analysis results, due to the variability in criteria used to diagnose FES as well as the variability in steroid dosing. Regardless, some believe the risk of systemic corticosteroids to be low enough to recommend the use of corticosteroids in high-risk orthopedic injuries.
The Controversy
Despite having been described centuries ago, FES remains a controversial diagnosis. The question at the center of the debate is whether FES exists as a distinct entity or is the constellation of signs and symptoms common to many clinical situations including trauma.
FES is classically defined by the triad of respiratory insufficiency, neurologic dysfunction, and petechial rash. However, it is uncommon to find all three features of the triad in patients diagnosed with FES. Bulger et al. identified hypoxemia as the dominant finding in 96 % of the cases that they reviewed over a 10-year period [1••] . Mental status changes were documented in 59 % of cases while petechial rash was only noted in 33 % of cases. The variability in presentation particularly in the setting of trauma and orthopedic injuries resulted in the development of diagnostic criteria by Gurd in the 1970s (Table 1 The pathophysiology contributing to FES remains elusive. Initially believed to be the direct consequence of circulating fat globules, it is now recognized that FE occur in a variety of clinical settings with fewer patients developing FES. This raises the question of whether or not FES is a result of FE or, rather, represents sequelae of the initial insult without the influence of circulating fat globules. Experimental models and clinical scenarios implicate circulating fat, particularly in the form of bioactive products of fat metabolism, as contributing to inflammation and predisposing to organ dysfunction.
Finally, while based largely on case reports, MR imaging has emerged as a tool for the diagnosis of cerebral FES. The starfield pattern is the most well-documented radiographic finding in patients with neurologic dysfunction and medical conditions or injuries known to predispose to FES. While not specific to FES, the starfield pattern is objective evidence that may support the involvement of FE in end-organ dysfunction particularly in the setting of trauma and orthopedic injuries. Other diagnostic modalities have been used to evaluate for FE including ultrasound and blood sampling; however, they do not consistently correlate with the clinical sequelae of FES.
Conclusion
FE are found predominantly, but not exclusively, in victims of trauma and orthopedic injuries and surgeries. The clinical syndrome, FES, observed in some of these patients remains a poorly understood but potentially devastating complication of multiple injuries and some disease processes. Diagnosing FES relies predominantly on non-specific clinical findings such as respiratory and neurologic dysfunction, which are common in critical illness. However, the consistency of these findings and prevalence in a specific clinical context, the findings from animal models of circulating fat or free fatty acid, some more specific clinical findings such as a petechial rash and the presence of the starfield pattern on MRI of the brain, and several centuries of recorded clinical observations support FES as a true unique clinical syndrome.
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